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Abstract.  The Internal  Zone  of the  Betic  Cordillera,  SE Spain, 
consists  of  a nappe  stack  of three  complexes,  the  deepest  of which 
is  the  Nevado-Filfibride  Complex.  The  zone  is separated  from  the 
overlying  Alpuj,Srride  Complex  by  a crustal  scale  shear  zone  that 
has  variously  been  interpreted  as a thrust  or an extensional 
detachment.  A suite  of 74 new apatite  and zircon  fission  track 
External  Zones  were  deposited  on an extended  continental  margin 
at the  southern  border  of the Iberian  plate  [Pacquet,  1969;  Garcia- 
Hernandez et al.,  1980]. The  Internal  Zones consist of  three 
stacked  tectonometamorphic  complexes,  (Figure  2) in ascending 
order,  the Nevado-Filtibride  Complex,  the Alpujfirride  Complex 
and  the Malaguide  Complex.  The latter two are grouped  as the 
results  have  been  obtained  from  the  Nevado-Fil/tbride  Complex  I Higher  Betic  Nappes  [Egeler  and  Simon,  1969]  in  Figure  1. 
and  these  have  been  used  to define  regional  cooling  patterns  for  The  southern  Iberian  passive  margin  formed  during  Jurassic 
the  complex.  Rapid  cooling  (105øC-200øC  Ma  -•)  is  spatially 
related  to the tectonic  contact  with the overlying Alpujtirride 
Complex:-Cooling  to near-surface  temperatures  occurred  first  in 
the  east  (Sierra de los Filabres)  during  the mid-Serravallian 
(12+1  Ma)  and  was  completed  by  the  early  Tortonian  (9-8  Ma) in 
the  west  (Sierra  Nevada).  There  is no  correlation  between  fission 
track  age  and  sample  elevation.  These  results  are  consistent  with 
tectonic  unroofing  of this  complex,  a finding  that  favors  extension 
as  the  mechanism  by which  the  two  complexes  were  brought  into 
contact.  Extension  spans  the middle  and  earliest  upper  Miocene 
(12-8  Ma) in the  study  area  and  therefore  lasted  much  longer  than 
previously  documented.  A hypothesis  is advanced  which  links 
oblique  convergence  between  the Iberian  plate  and  the Betic 
Internal  Zones,  resulting  in crustal  contraction  at depth,  with 
orogen  parallel  extension  in the  middle  and  upper  crust. 
Introduction  and  R6gional  Setting 
The  Betic  Cordillera  forms  the  westernmost  branch  of  the 
European  Alpine  mountain  belt which  formed  as  a result  of the 
ongoing  collision  between  the  African,  European  and  other  minor 
plates  [Dewey  et al., 1973, 1989].  This  mountain  range  forms  part 
of  an  arcuate  orogenic  system  across  the  Straits  of Gibraltar  with 
the  North  African  Rif and  Tell (Figure  1). Between  the  two,  lies 
the  Alboran  Sea,  a Neogene  sedimentary  basin  floored  by thinned 
continental  crust  whose  oldest  marine  sediments  are thought  to be 
late  Aquitanian  (--21  Ma) in age  [Jurado  and  Comas,  1992]. 
The  Betic  Cordillera  itself  has  been  subdivided  into  a 
nonmetamorphic  External  Zone  in the  north  and  northeast  and  a 
predominantly  metamorphic  Internal  Zone  in the  south  [EgeIer 
and  Sitnon,  1969;  Figure  1  ]. The  External  Zone  is subdivided  into 
an  autochthonous  Pre-Betic whose  Mesozoic facies consist  largely 
of shallow water marine sediments and an allochthonous Sub- 
Betic  consisting  of Mesozoic  deep  water  pelagic  sediments 
[Garcia-Hernandez  et al.,  1980]. The Mesozoic  strata  of the 
Copyright  1997  by  the  American  Geophysical  Union. 
Paper  number  96TC03289 
0278-7407/97/96  TC-03289  $12.00 
rifting which differentiated  the Pre- and Sub-Betics.  Further 
extension  occurred  during  the Late Cretaceous  but was  followed 
by Tertiary compression  [Reicherter  et  al.,  1994; Lonergan, 
1993].  Compression  emplaced  the Sub-Betic  upon  the  Pre-Betic 
together  with the  progressive  emplacement  of the Internal  Zones 
upon  the  External  Zones,  a record  of which  is preserved  within  a 
piggyback  basin  sited  between  the two [Lonergmz  and  Mange- 
Rajetzk3;  1994]. 
During  the  late  Oligocene  to  early  Miocene  period  (-24-19 Ma) 
the  metamorphic  Alpuj•irride  complex  was  exhumed  from  below 
the nonmetamorphic  Malaguide  Complex  within the Internal 
Zones.  This event  was  characterized  by very high cooling  rates  in 
the  Alpujfirride  Complex  of  up  to  350øC  Ma  '•,  based  on  structural, 
stratigraphic,  and  radiometric  data  [Zeck  et al., 1992],  consistent 
with  unroofing  at  between  3 and  10  km  Ma  '1.  This  cooling  has 
been  variously  attributed  to "late  orogenic  extension"  [Platt  and 
Vissers,  1989] or the thrusting  of the Alpujfirride  Complex  over 
cooler  lithosphere  [De  Jong,  1991,  1992]  (see  below). 
Following this dramatic phase of  cooling, compression 
continued  in the External Zones, with an important northerly 
directed  component.  During  the  late  Miocene,  dextral  strike-slip 
faulting  (not shown  in Figures  1 and 2) and late, large-scale 
folding  occurred  within  the  Internal  Zones,  and  these  were  in part 
responsible  for the present-day  topography  [e.g.,  Rodriguez- 
Fernandez.  and Sanz  de GaIdeano, 1990]. 
The Nevado-Filgbfide  Complex  is exposed  only  in the  eastern 
Betics,  where  it forms  the principal  topographic  high along  the 
southeastern  Spanish  margin  (Figure  2). In the  western  part  of the 
study  area  the Sierra  Nevada  contains  Spain's  highest  mainland 
peak,  Mulhacen  (3482  m),  while  in  the  Sierra  de  los  Fihibres  to  the 
east,  the  principal  peaks,  Padilla  (2062  m), Dos  Picos  (2086  m), 
Calar Alto (2168 m), and  Tetica (2081 m), form a prominent  east- 
west  ridge.  The  Nevado-Filgbride  Complex  is also  exposed  in the 
cores of a series of small sierras stretching from Almeria to 
Cartagena  in the east. 
The Nevado-Filfibride  Complex  consists  of a series  of stacked 
thrust sheets  of Palaeozoic  graphite-bearing  basement  and an 
overlying  metapelitic  and  metacarbonate  sequence  inferred  to be 
of Triassic  age  [De  Jong  and  Bakker,  1991].  No consensus  exists 
on  the  timing  of thrust  stacking,  with  suggestions  ranging  from  the 
Triassic  and  Jurassic  [see  Egeler  and  Sitnon,  1969]  to as  late  as  the 
early  Miocene  [Frizon  de  Lamott  et  al., 1989].  More  recent  studies 
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Figure 1.  (a) Tectonic sketch  map of southern  Iberia and 
northwestern  Africa showing  the Alpine Betic-Rifian  Arc, 
the Alboran  Sea,  and the Atlas Mountains.  The study  area 
in southeast  Spain  is indicated.  (b) Sketch  map  of western 
Europe showing  the location of  the Betic Cordillera. (c) 
Cartoon illustrating  relative Europe-Africa plate motions 
since the Oligocene. Platform deposits  form the modern 
Pre-Rif  and Pre-Betic units and the basinal sequences 
constitute the modern  Sub-Betic,  External  Rif,  and Tell. 
The  Alboran  Domain  consists  of  continental  crust  that 
forms the modern  Internal Zone nappes.  Diagram is after 
Platt and Vissers  [1989] 
indicate either a mid-Cretaceous  phase of subduction  [e.g., De 
Jong, 1991  ] or Eocene-Oligocene  crustal  thickening  [e.g., Platt 
and Vissers,  1989] as the cause  for the stacking.  Thrusting  within 
the complex clearly predates  the formation of the present-day 
contact  between  the Nevado-Fil•bride  and overlying  Alpujfirride 
Complexes since this contact cuts across and down toward the 
west through the thrust stack [Garcia-Duei•as et al.,  1988; De 
Jong, 1991  ]. 
The  plurifacial  character  of the  Alpine  metamorphism  in  the 
Nevado-Fil•bride  Complex  was  first  recognized  by Nijt•uis 
[1964].  Much  work  has  since  been  done  in detailing  the 
metamorphic  evolution  of the  complex  [e.g.,  Vissers,  1981; 
Gdme•-Pugnaire  and  Fernandez•-Soler,  1987;  Bakker  et  al.,  1989; 
De  Jong,  1991;  Jabaloy  Sc•nchez,  1993]  and  despite  disagreement 
over  details,  general  agreement  exists  on its overall  form.  All 
workers  recognize  an early high pressure/low  temperature 
metamorphism,  followed by almandine-amphibolite  facies 
conditions  before  regression  to greenschist  facies.  During 
almandine-amphibolite  facies  conditions  a main phase  foliati0n 
was  formed  that  has  been  variably  overprinted  [De  Jong,  1991].In 
much  of the  eastern  part of the Nevado-Fil•bride  Complex  it 
forms  the  principle  Ibliation,  being  only  locally  affected  by  later 
deformation.  Moving  westwards  the  overprint  becomes 
increasingly  regional  and  in the Sierra  Nevada  the principle 
foliation  is a product  of later  deformation  interpreted  by some  as 
having  been  formed  during  decompression  and  exhumation  of  this 
complex  [Galindo  Zaldfvar, 1993;  Jabaloy  Sd/lchez,  1993]. 
This later foliation  is marked  by a penetrative  stretching 
lineation that becomes increasingly pronounced  as the contact 
with the  overlying  Alpuj•irride  Complex  is approached  (Figure  3). 
The  direction  and  sense of  shear  obtained  from  this ductile 
planolinear  fabric  is given by the stretching  lineation  together  with 
a  number of  asymmetric kinematic  indicators including 
schistosity-shear  (S-C) fabrics,  rotated  porphyroblasts  with their 
pressure shadows, and quartz c-axis  fabrics [e.g.,Martœne:- 
Martfne•,  1984; Garcia-Duei•as et al.,  1988; Zevenhui•en, 1989; 
Soto  eta!.,  1990; Gonzc•!e: Lodeiro,  1990; Galindo  Zaldivar, 
1993]. Within the area studied  this data is broadly  consistent  with 
top-to-the-west  shear. The trajectories,  or flow  lines, deduced 
from the variation in  direction of  maximum stretching  [after 
Jabaloy  Sc•nche:,  1993] do indicate  systematic  variation  with  the 
sense  of shear  swinging  round  in an anticlockwise  direction  from 
the  northwest  to  the  southwest  as one  moves  fi-om  east  to west. 
Superimposed on  this ductile det'ormation is  later brittle 
deformation  which has produced  cataclasites,  fault gouges  and 
tectonic breccias at the Nevado-Filfibride-Alpuj•rride contact, 
together with an extensive system of  tension  joints oriented 
perpendicular  to the earlier  formed  stretching  lineation  [Galindo 
Zaldivar et al., 1991;  Jabaloy  Sc•nchez,  1993; Galb•do  Zaldivar, 
1993]. This brittle deformation exhibits a shear sense  similar  to 
that  of the earlier  ductile  deformation  (Figure  3) based  upon  fault 
fabrics and stria [Galb•do Zaldivat; 1993]. 
Two groups  of models  have  been  advanced  to account  for  the 
observed  metamorphism  and deformation  within this complex 
which  have  strikingly  different  implications  for  denudation.  In  the 
first,  metamorphism  and  the  gmat  majority  of the  structures  result 
from  a series  of compressive  deformation  phases  which  produced 
a nappe  pile  [Egeler  and  Simon,  1969;  Rondeel  and  Sbnon,  1974: 
Ka/npschtttu'  and  Rondeel,  1975;  Puga  and  Diaz de Frederico, 
1976; Vissers,  I981;  Bakkeret al.,  1989; De Jon.  g, 1991]. 
However,  as  thrusting  alone  cannot  result  in the  exhumation  of 
any  point  in the tootwall,  it is implicit  in these  models  that  the 
structurally  lowermost  units  presently  exposed  must  have  been 
exhumed  by postdeformation  erosion;  that  is deformation  predates 
and  is not  the direct  cause  of  denudation. 
In contrast,  the  second  group  of models  ascribe  many  of the 
structures,  and much  of metamorphic  evolution  and subsequent 
denudation  of this  complex  to crustal  scale  extension,  whilst JOHNSON  ET AL.' EXTENSIONAL DENUDATION OF THE NEVADO-F!LABRIDE COMPLEX  191 
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Figure 3.  Summary  of the'structural  data  relating  to the  emplacement  of the  Alpujfirride  Complex  upon 
the Newtdo-Fil,4bride  Complex.  The data is from the work of Jabaloy  Scinchez  [1993] which  compiled 
the work of several  authors.  They suggest  broadly  east  to west  motion  of the Alpujfrride Complex with 
respect  to the underlying  Nevado-Fil5bride  Complex  (shown  in grey  shading).  The significance  of the 
shading  is explained  in the  text. 
retaining an early compressive  phase of deformation causing 
thrust stacking and deep burial [Platt and Beh.  rmann., 1986; 
Garc[a-Dueiias  and Mart[nez-Mc#'th•ez,  1988;  Garcfa-Duehas  et 
al.,  1988; Platt and Visset:,, 1989; Galindo Zaklœvar  et al.,  1989; 
Garc[a-Duei•as  et al.,  1992]. In this second  group of models,  a 
genetic link exists between deformation and denudation, with 
denudation  of the presently  outcropping  rocks  achieved  largely  by 
crustal  scale  extension. 
In this  paper  we address  the nature  and  timing  of cooling  within 
the  Nevado-Filfibride  Complex  during  the  Neogene.  This 
information  provides  the key to establishing  the primary  process 
responsible  for Nevado-Filfibride denudation.  We then consider 
the implications  that this denudational  history has for Tertiary 
tectonics  in the  eastern  Betic Cordillera.  First,  though,  we examine 
the likely consequences  of erosional  and tectonic  denudation  on 
regional cooling patterns obtained from  fission track data in 
orogenic  belts,  focusing  in particular  on those  features  that  might 
distinguish  the  two processes. 
Documenting  Denudation  Using Fission  Track 
Data 
Denudation  may be accomplished  either  by surface  processes, 
that  is,  erosion  or by tectonic  means,  in which  crust  is thinned  by 
extensional faults.  Denudation  of  either  kind  will  strongly 
influence the thermal state of the Earth's crust during orogeny 
[e.g.,  Stiiwe  et  al.,  1994;  Ruppel  et  al., 1988],  so  determination  of 
how  crustal  temperatures  have  varied  temporally  and  spatially  is 
one  way  of  constraining  the  denudation  history  [e.g.,  Cliff,  1985; 
Hutford  et al., 1989;  Fitzgerald  and  Gleadow,  1990;  Van  der 
Beek,  1995].  In orogenic  belts  it appears  plausible  that  tectonic 
and  erosive  denudation  should  act  together  to help  balance  the 
effects  of crustal  shortening  and  thickening  during  orogenesis 
[e.g.,  Platt,  1986;  Jamieson  and  Beaumont,  1988,  1989].  Whether 
it is'possible  to isolate  these  processes  using  fission  track 
thermochronology  depends  on their relative  importance  over 
crustal  length  scales  and  geological  timescales.  Where  one  process JOHNSON ET AL.: EXTENSIONAL  DENUDATION  OF THE NEVADO-FILABRIDE  COMPLEX  193 
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Figure 4a.  Cartoon  illustrating  the variation  of apparent  age  (specifically  for apatites)  with sample 
elevation  (depth).  A phase  of accelerated  denudation  resulting  from  the  action  of Earth  surface  processes 
commenced  at time t. This has  promoted  the development  of a positive  correlation  between  apparent 
fission  track age and elevation.  This relationship  may be nonlinear,  reflecting  a combination  of tracks 
that  predate  and  postdate  the  onset  of denudation  (dark  tracks  and  light  tracks,  respectively),  or linear  for 
samples  at temperatures  below  -60øC sourced  from below  the exhumed  partial  annealing  zone [after 
Fitzgerald  et al., 1995].  The inflection  in the  apparent  age-elevation  profile  marked  by asterisk  gives  the 
time  of onset of  denudation.  See text  for  discussion. 
comes  to dominate over the other, for some significant time 
interval,  the  regional  cooling  pattern should reflect  that 
dominance.  A description  of the likely differences  in cooling 
history  resulting  from denudation  accomplished  by either  Earth 
surface  or  tectonic  processes  is given  below. 
Denudation  by Earth Surface Processes 
Fission  track data from mountain  belts is often presented  by 
plotting  apparent  age  as a function  of elevation.  Apatite  ages,  in 
particular,  often show  a positive  correlation  with elevation.  In 
many  cases  the gradient  of this trend has been interpreted  as 
recording  an  "uplift"  rate.  England  and  Molnar  [  1990]  and  Brown 
et  al. [I994] have demonstrated  that this conclusion  is often an 
oversimplification, since  fission  track  analysis  provides 
information,  not  on  surface  uplift,  but  on  temperature  histories  and 
must  therefore  be  interpreted  as  such. 
Where  surface  processes  are  solely  responsible  for cooling  a 
suite  of samples  collected  from  different  initial  crustal  depths,  a 
progressive  decrease  in apparent  age  with  paleodepth  is observed 
as  denudation  results  in their  increasingly  later  passage  through 
the  Partial  Annealing  Zone (PAZ). Figure  4a, taken  from 
Fitzgerald  et  al. [1995],  illustrates  this  relationship  by  showing  a 
PAZ  that has been  exhumed  by a phase  of denudation 
commencing  at time t. Samples  within and  above  the exhumed 
PAZ  at  time  t contain  varying  proportions  of  tracks  formed  prior 
to  and  following  this  time,  with greater  numbers  and  therefore 
older  ages  at higher  elevations.  Samples  collected  below  the 
exhumed  PAZ  contain  only  tracks  formed  after  the  onset  of 
denudation,  with the time at which  samples  passed  into the PAZ 
causing  lower samples  to yield younger  apparent  ages.  Thus, 
regardless  of whether  samples  are  taken  from within or below the 
exhumed  PAZ, a strong  correlation  between  apparent  FT age and 
sample  elevation  is to be expected  if erosion  is responsible  for 
sample  denudation. 
Denudation by Tectonic  Processes 
Wheeler  and Butler [1994] have argued that there are three 
types  of criteria,  structural,  metamorphic,  and  geochronological, 
that  should  be used  to identify  crustal  extension  in orogenic  belts. 
While the structural  and metamorphic  data presented  above  will 
be  incorporated  in the  discussion  of the  results,  it is the  (thermo) 
geochronologicaI  data  that will be considered  here.  Apatite  and 
zircon FT thermochronology  provides  information  on the low- 
temperature  thermal  history  of crustal  rocks.  The temperature 
range  which  can  be  examined  is estimated  to be between  350øC 
and  60øC  for  geological  timescales  of  10  6-10  8  years  [Laslett  et  al., 
1987; Yamadct  et al.,  1995], that is, largely within the brittle 
regime. 
Previous  studies  indicate  it is possible  to identify  three  features 
that  distinguish  tectonic  from  erosional  denudation  in terms  of the 
regional  cooling  patterns  that  each  promote.  These  may  be used 
for diagnosing  the existence  of tectonic  denudation  and, in 
addition  to this,  provide  information  for  estimating  its  timing,  rate, 
and  geometry. 
Samples  from  the  footwalls  of extensional  faults  such  as  those 
that  bound  the  metamorphic  core  complexes  of the  western  United 194  JOHNSON  ET AL.: EXTENSIONAL DENUDATION OF THE NEVADO-FILABRIDE COMPLEX 
States  reveal  a poor  correlation  between  apparent  apatite  age and 
elevation  [e.g.,  Dokka  et al., 1986;  Foster  et al., 1991  ]. The reason 
for this is probably  that regional relief forms in response  to 
isostasy  [Spencer,  1984; Wernicke  and Axen, 1988; Block  and 
Royden,  1990] that is controlled  by the position,  amount,  and 
timing of removal  of crust  at depth  along the extensional  fault 
(shear  zone or detachment)  and not by surface  processes.  Since 
cooling of  the footwall rocks is similarly  controlled by the 
extensional  'fault,  neither  a sample's  apparent  age  nor its elevation 
will be related  to surface  processes.  This relationship  is illustrated 
in Figure 4b. 
A second  feature  of tectonic  denudation  has  been  observed  by 
workers  in the western  United States  and the Alps. Progressive 
unroofing  of the  footwall  rocks  below  a crustal  scale  shear  zone  or 
detachment  results  in asymmetric  cooling  patterns,  with apparent 
ages  decreasing  in the direction  of hangingwall  transport  [Figure 
between  apparent  age  and  distance  in  the  direction  of  hanging  wall 
transport  and  high  cooling  rates  which  are spatially  associated 
with  the shear zone or detachment. 
Fission  Track  Data 
A total  of 46 samples  were  obtained  from  the  Nevado-Filfibride 
Complex,  yielding  32 apatite  and  42 zircon  analyses.  They  were 
collected  from  three  separate  sectors  in the study  area:  the  Sierra 
de los  Filfibres  in the  east,  the Northwestern  Sierra  de los  Filfibres. 
Eastern  Sierra  Nevada  in the center,  and  finally, the Sierra  Nevada 
in  the  west  (Figure  2).  All  samples were  taken from 
metasedimentary  rocks,  gneisses,  and  a metagranite  of Triassic  or 
earlier age. 
Methodology 
4b].  Correlations  between  apparent  apatite  age  and  distance  in  the  Standard  heavy  liquid  and  magnetic  separation  methods  were 
inferred  direction  of hang.  ingwall  motion  appear  to  be  good  , used  to  extract  apatite  and  zircon  from  their  host  rocks.  These 
[Bradbury  and  Nolen-Hoeksema,  1985;  Foster  et  al.,  1991;  Foster were  analyzed  using  the  external  detector  and  zeta  calibration 
et al.,  1993; John and Foster,  1993] as are those with higher 
temperature thermochronometers  [Bradbury  and  Nolen- 
Hoeksema,  1985; Lee and Sutter, 1991; John and Foster, 1993]. 
This feature has been exploited  to estimate  the slip rates of 
hangingwall  rocks  with  respect  to their  footwall  and  has  also  been 
used  to reconstruct  the preextensional  geometry  of the fault 
system  [Foster  et  al., I993; John  and  Foster,  1993]. 
A third feature  of tectonic  denudation  is the very rapid  cooling 
experienced  by many  footwall  rocks,  particularly  those  t¾om  the 
structurally  highest  sections  of metamorphic  complexes.  Cooling 
rates  inferred  from  rocks  below  major  extensional  faults  vary  from 
40øC to 625øC Ma  '1, with the bulk of extensional  terrains 
exhibiting  rates  between  50øC  and  200øC  Ma  '1  [e.g.,  Dokka  and 
Lingrey,  1979;  Dokka  et aI. 1986;  Davis, 1988;  Richards  et aI., 
1990; Carmignani  and Kligfield, 1990; Baldwin  et aI.  1993; 
Foster  et al., 1991, 1993;  John  and Foster, 1993]. 
Summary 
Erosional  denudation  acting  alone  tends  to promote  a simple, 
positive  correlation  between  apparent  (apatite)  FT age and 
elevation,  whereas  samples  from the footwall  to an extensional 
fault  show little  correlation between age and elevation. In 
addition,  tectonic  denudation  promotes  a negative  correlation 
Cooling  ages  Direction  of 
become  younger  ••  ,,,  ",  I hanging  wall  in this  direction  motion  15 Ma 
Isostatic  Readjustment 
Figure  4b.  Tectonic  denudation  causing  excision  of a 
section  of crust results  in isostatic  readjustment  of the 
footwall.  Cooling  ages  in the  footwall  therefore  acquire  an 
elevation that is unrelated to the action of Earth surface 
processes.  Slip on a low-angle  normal  fault  results  in 
cooling  occurring  progressively  later down  dip and 
isochrons  running  perpendicular  to  the  dip  direction. 
approach  [Hurford  and  Green,  1982].  Ages  were  calculated  using 
the  central  age  method  of Galbraith  [1992]  which  allows  for  non- 
Poissonian  variation  within a population  of single-grain  ages 
belonging  to a single  sample,  and  gives  a measure  of any  such 
variation  in the form  of  a relative  error  (RE).  Where  the RE is 
greater  than-15%,  the  possibility  of more  than  one  age  population 
exists,  and  the  sample  is  also  likely  to  fail  the  Z  2  test.  A  significant 
number  of FT ages  from the Nevado-Fihibride  Complex  do  not 
appear  to have  single-grain  age  spreads  consistent  with  a single- 
age  population  when  assessed  using  the  RE  and  the  2;  2  test.  The 
scatter  in single-grain  ages  is thought  to be due  to the  errors  of 
commission  and  omission  that  result  from the  frequent  presence  of 
track-like  crystal  defects.  The misidentification  of very  short 
tracks  and  spurious  etch  pits,  while  possibly  small  in  number,  have 
a significant  effect  because  true  spontaneous  track  numbers  are 
low.  The large  numbers  of crystals  used  and  the  likelihood  that 
these  two  types  of  error  are  equally  common  means  that  they  will 
tend  to cancel  out  when  the  central  age  is calculated  but  produce  a 
large  single-grain  age  spread.  This  conclusion  is  supported  by  the 
age  concurrence  of  closely  spaced  samples,  some  of  which  fail  the 
single-population  tests  while  their  neighbors  do  not. 
Track  length  data  were  obtained  using  a drawing  tube  and 
digitizing  tablet.  Typically,  100  track  length  measurements  are 
made  for  the  purpose  of  determining  the  mean  track  length  and  its 
standard  deviation.  However,  this  was  not  possible  for  any  of  the 
samples  because  of  their  low  uranium  content  and  late  Tertiary 
cooling  age.  Of the  32  apatites  analyzed,  only  14  possessed  any 
confined  tracks.  Of these  analyses,  five samples  are  thought  to 
have  adequate  numbers  of confined  tracks  for quantitative 
modeling  purposes,  the  results  of  which  are  used  to  help  interpret 
the less  well constrained  samples. 
Quantitative  modeling  was undertaken  using a robust 
optimization  procedure  which  utilizes  a genetic  algorithm 
[Gallagher  and  Sambridge,  1994].  This  is a Monte  Carlo  type 
scheme  providing  a highly  efficient  search  of the  model 
time/temperature  space.  in essence,  the  random  sampling  of 
thermal  histories  is progressively  biased  toward  those  which 
predict  the  observed  data  adequately.  For  this  reason  the  approach 
adopted  may  be  described  as  data  driven,  in  contrast  to  a  forward 
model  approach  which  is  constrained  by  a preset  thermal  history. 
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during  the  modeling  procedure  and  examined  for  their  consistency 
with  the  observed  data.  Since  inversion  of thermal  indicator  data 
cannot  yield  a  unique  solution  [Gallagher  and  Sambridge,  1994], 
the  results  are  ranked  by  statistical  methods,  maximum  likelihood 
being  the  preferred  choice.  This  approach  is favored  since,  in 
addition  to the  best  fit result,  we also  show  the  next 100  data 
fitting  solutions.  This  population  of solutions  allows  the  better- 
constrained  portions  of the  thermal  history  to be identified  by 
examining  the  spread  in the  models. 
Results 
The fission  track data and the sample  details are given in 
Figure  2  and  in  an  electronic  supplement  to  this  paper  1.  The 
zircon  ages  have  a range  of 13.7-7.6  Ma, while  the  apatite  ages 
span  !4.9-2.7  Ma.  There  is  therefore  considerable  overlap,  with 
many  mineral  age  pairs  lying  within  2c•  of one  another.  (Note  all 
errors  in  Table  1 of the  electronic  supplement'are  given  at  the  l  c• 
level.)  The  data  will be  examined  in detail  in this  section  before  a 
discussion  of its significance  is given  in the  section  on  discussion 
and  interpretation. 
Zircon 
Starting  in the  east,  zircon  ages  in the  Sierra  de los  Filabres 
range  between  10.4  and  13.7  Ma and  possess  a weighted  mean  of 
12.06+0.39  Ma. These  overlap  with Rb-Sr and  K-Ar white  mica 
and  biotite  ages  reported  by  Andriessen  et al. [1991]  which  span 
12.5  Ma to 15.6  Ma. The 4øAr-39Ar  dating  of phengites  from 
micaschists  and  a paragneiss  from  this  region  have  yielded  older 
cooling  ages  ranging  t¾om  21.5  Ma to 14.5  Ma [De  Jong,  1991  ] 
With  the  exception  of sample  SP31  (which  consists  of only  one 
gain)  the  zircon  analyses  have  maximum  single-grain  ages  of 
between  15 Ma  and 21  Ma  and for  five  of  the  samples an 
asymmetrical  distribution  of ages  about  the central  age (SP28, 
SP32,  SP914, SBB, and SFB)  skewed to older grains. This 
distribution  of ages  causes  the  failure  of the  Z  2 test  and  high 
relative  error of samples  SP28 and SP914. In  contrast,  the 
youngest  single-grain  ages  are,  with  one  exception,  within  the  8-9 
Ma  range  (Figure  5). Attaching  some  special  significance  to the 
single-grain  ages  is problematic,  and,  in general,  where  the  ages 
are  most  probably  from  a  single  population  as  indicated  by  the  Z  •- 
statistic,  it is  prudent  not  to do  so.  However,  the  spread  of "older" 
ages  may  have  some  significance.  If the  cooling  rate  during  the 
early-middle  Miocene was relatively low at the high temperature 
end  of the zircon  stability  field (estimated  as 170øC-390øC  by 
Yamada  et  al. [1995]),  a greater  spread  in older  ages  could  result 
from  differential  annealing  susceptibilities  due  to variations  in 
single  zircon  crystal  chemistry  by  analogy  with  apatites  [Green  et 
aI.,  1986].  With the exception  of sample  SP28  the  maximum 
single-grain  age  lies within  the 15-18  Ma age  range  and  thus 
coincides  with  the  oldest  white  mica  ages  reported  [Priem  et at., 
1979;  De  Jong,  1991;  Andriesson  et  al., 1991]  (except  ALM 3). 
They  also  broadly  coincide  with  the  times  for  4øAr  degassing  in 
1Supporting  data  [table  and  zircon  radial  plots]  are  available  on 
diskette  or  via  Anonymous  FTP  from  kosmos.aug.org,  directory 
APEND  (Username=anonymous,  Password=guest).  Diskette  may 
be  ordered  from  American  Geophysical  Union,  2000  Florida 
Avenue,  N.W.,  Washington,  DC  20009  or  by  phone  at  800-966-2481; 
$15.00.  Payment  must  accompany  order. 
phengites,  deduced  by  De  Jong  [1991]  from  modeling  the  4øAr 
release  spectra,  which  fall in the 15-18  Ma age  range. 
The zircon ages  from Western  Sierra  de los Filabres-eastern 
Sierra  Nevada  are  identical  to  those  from  the  Sierra  de  los 
Filabrides,  having  a range  of 10.5-13.6  Ma, and  a similar  weighted 
mean (11.70_+0.21 Ma).  Like  those from  further  east, these 
samples  possess  maximum single-grain  ages of  15 to 25 Ma, 
although  some  samples  from the southern  section  of the transect 
have younger minimum  single-grain ages than  previously 
encountered  (Figure 5). The older zircon single-crystal  ages  are 
coincident  with  4øAr-39Ar  mica  plateau  ages  of 16  and  17  Ma  from 
the Northwestern Sierra de los Filabres [Moni•  et aI.,  1991]. 
Hornblende  and  barriosite  4øAr?Ar  ages  of  25  and  48  Ma  are  also 
reported  from  this  region  by Monid  et al. [ 1991  ]. 
The 19 zircon analyses  from the Western  Sierra Nevada  range 
in age from 7.6 to 10.9 Ma are consistent  with belonging  to a 
single-age  population,  and possess  a weighted  mean value of 
9.17_+0.39  Ma.  Seven  of  the  samples  tail  the  Z  2  test  because  of  the 
presence  of older single-grain  ages  in the 15-20 Ma age range 
(Figure  5). Single-grain  ages  within  the 15-20 Ma age  range  are 
also  found  in some  of the  other  samples,  although  most  have  lower 
precisions.  This age  range  is identical  to that encountered  in the 
samples  in the  eastern  and  central  transects  and  is consistent  with 
a relatively  low cooling  rate  during  the early-middle  Miocene  at 
the  high-temperature  end  of the zircon  stability  field. In contrast, 
the range  of minimum  zircon ages  (6-8 Ma) from the Western 
Sierra Nevada is  the youngest  encountered  in  the Nevado- 
Fil•bride  Complex.  These  are  for the  most  part  within 1 s.d.  of the 
mean  age which suggests  an increase  in the cooling  rate as the 
lower end of the zircon stability  field is approached  during  the 
early  Tortonian.  This inferred  cooling  history  is consistent  with 
the  single-zircon,  confined  track  length  measurement  of 11.1+1.0 
gm (sample  SND). 
There is no independent  radiometric  data from the Western 
Sierra Nevada. However, the similarity between the older zircon 
single-grain  ages  from  this  region  and  those  to the east  suggests 
that the Nevado-Filibres  in this region  were at temperatures  of 
-350øC  for  much  of the lower  Miocene. 
In Figure  6 the  zircon  apparent  ages  are  plotted  as  a function  of 
their  elevation.  The  results  from  the  three  transects  are 
distinguished  from  one  another,  and  the  weighted  mean  for  each  is 
given.  The slight  negative  correlation  between  age  and  elevation 
results  from a lack of samples  collected  from elevations  greater 
than 2100 m in the eastern  and central  transects.  Apparent ages 
from individual transects  are randomly  distributed  about their 
mean values, while the means  themselves  show a progressive 
younging  from east  to west. 
Apatite 
In contrast  to the zircon analyses  the apatite  single-grain  ages 
are far less  likely to provide  detailed  information  on a samp!e's 
cooling  history  because  of the very  low numbers  of spontaneous 
tracks  and  possible  errors  of omission  and  commission  in the  track 
counts.  This is largely  due to the low uranium  concentrations 
present  within  these  apatites. 
Ten samples  from the Sierra  de los Filabres  yielded  apatite 
ages.  Despite  the  fact  that  six  of  the  results  fail  the  Z  2  test  and 
possess  high  relative  errors  (RE>10)  they all have  unimodal 
single-grain  trends  (electronic  supplement).  Many  of the  apatites 196  JOHNSON  ET  AL.:  EXTENSIONAL  DENUDATION  OF THE  NEVADO-FILABRIDE  COMPLEX 
SP28 
Central:  13_+1  Ma 
P(X^2):  3%  21 
Rel.  Error  17 %  19 
No.  of  Xta,  ls  20  16 
0[  ..,,7.. 
-  2  •111 
%  relative  error 
42  9  0 
Precision  (1/sigma) 
SP914 
Central:  10_+1  Ma 
P(X^2):  1% 
Rel.  Error  14%  15 
No.  of  Xtals  20 
+21  •  0  .;• •'  ß 
-2  e •  e  9 
% relative error  8 
0 
Precision  (I/sigma) 
S37 
Central'  12•1  Ma 
P(Xa2):  3% 
Rel. Error 13%  17 
No.  of  Xtals  19 
15 
+2  [  ß  .. 
.2  [  •  • •  •810 
%  relative  error  9 
0  2  4  6  8 
Precision  (1/sigma) 
SP44 
Central:  13_+1  Ma 
SP28  P(X ^  2)' 4  % 
5  Rel. Error 15  %  25 
•  No.  of  Xtals  23  !  22  5 
•4 
•  18  •4 
ß  !be  ß  e  ß  15  • 3  •2  0  13  •2 
0-  '2L ß  %  ee  ß 
0  10  20  30  % relative error  0 
Single  Grain  FT  Age  (Ma)  .  5.9...  .  1.4  8  0  10  20  30 
ß  e  . 
0  2  •  •  Single  Grain  FT Age  (Ma) 
Precision  (1/sigma) 
SP15 
Central'  9_+1  Ma 
SP914  P(X^2):  0.6% 
Rel.  Error  20%  < 118  n  •5  No.  of  Xtals  20 
•4  *  •,.  !3  5 
• 3  +2  ee  •  11  •4 
0_  '  -2  % relative  erro  •  1 
o  sial  VX  ß  0  !0 
Precision  (1/sigma)  Single  Grain FT Age (Ma) 
SP65 
Central:9•0.5  Ma 
SP37  •el.  Error  15% 
•3  +2[ 
0  !0  •  •  % relative  error•  0-  ' 
Single  GrainFTAge  (Ma)  .  4•.  ,  ,  •  L  7  0  !0  20 
0  '  •  '  •  !•  Single Grain FT Age (Ma) 
Precision  (1/sigma) 
Figure  5. Six  zircon  samples  (two  each  from  the  three  transects)  that  fail  the  Z  2  test  and  demonstrate  a 
marked  asymmetry  in their single-grain  age distributions  with late Oligocene  to early Miocene aged 
grains  that  are  coincident  with  the  4"Ar?Ar  dates  on  phengites  by  De Jong  [1991]  and the  4•Ar?Ar 
mica  plateau  ages  of Monid et aI. [199!]. This is interpreted  as  evidence  for slow  cooling  within the 
Nevado-Filfibride  Complex  during  the  lower Miocene.  Note the  radial  09 scale  is log time, and  x scale  is 
precision,  with precision  increasing  away  from  origin.  Single-grain  ages  can  be  estimated  by projecting  a 
line from the origin  through  the age  plot  to the  y axis.  The scales  are  variable. 
have concordant  ages  with their coexisting  zircons  and  generally 
long mean  track  lengths. 
The oldest apatite age is  11.95+1.40 Ma  (SP29), while the 
oldest  for which  a mean  track  length  is available  (14.51_+0.15  gin, 
s.d.=l.00 I.  tm) is 11.44+0.97 Ma (NFB).  It is reasonable  therefore 
to suppose  that the oldest apatite  ages  are associated  with mean 
lengths  greater  than 14 gm, particularly  as these  apatite  ages  are 
concordant  with their coexisting  zircon  ages.  Of the five apatite 
ages  below 11 Ma, three  have  limited  track  length  data  associated 
with them. Corrected age estimates,  although not definitive 
[Green, 1988; Corrigan, 1991], of 10.22-12.05  Ma for sample 
SBB and 11.62-13.04  Ma for sample  SFB suggest  cooling  below 
--.110øC  was contemporaneous  with the cooling of the other 
samples  with the  exception  of SFA whose  corrected  age  of 8.15- 
10.53 Ma is more ambiguous.  The scarcity  of confined  track 
lengths  in all the  samples  analyzed  means  that  modeling  thermal 
histories  cannot  be attempted  with the rigor generally  desired. 
Two samples  have  had  their  cooling  paths  modelled  (NFB  and 
SP30,  Figure  7). They  have  in common  an  initial  phase  of  rapid 
cooling  (~100øC  Ma  '•) between  approximately  12  and  10  Ma 
shortly  after  cooling  through  the  zircon  PAZ.  Below  60  ø  there  is 
considerable  scatter  in the 100  better  fitting-cooling  paths  because 
the model predictions  are relatively insensitive  to these 
temperatures. 
The variation  in apatite  ages  from the central  transect  is very 
different  from  that  in the  Sierra  de  los  Fil•brides.  They  range  in 
value from  14.9 to 3.9  Ma  and are not consistent  with their 
belonging  to a single  age  population  (Z  2 fail at the  1%  level). 
Using  the  statistical  method  of  Sambridge  and  Compston  [1994], 
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Figure  6. Plot  illustrating  the  lack  of any  clear  relationship 
between  zircon  apparent  age  and  elevation. 
component  mixture having ages of  11.6 and 5.3  Ma.  This 
statistical  subdivision  is reflected  in the geographical  distribution 
of  the  samples. 
The older component  (SP37, SP38, SP39, SP40, SP42, and 
SP921)  is restricted to the Northwestern Sierra de los Filfibres 
while  the  younger  (SP48, SP49, SP50, SP52. SP53, and  SP54) is 
restricted  to the Eastern  Sierra  Nevada.  The weighted  mean  age  of 
the older group, 11.94+0.62 Ma, is statistically  identical  to the 
modelled  value of 11.6 Ma and similar  to the weighted  mean  of 
the three samples from the Sierra de los Filfibres whose mean 
track  lengths  are >_14  gm (10.81+0.53, all quoted  at 1o). Only one 
sample  from this group yielded a mean confined track length 
[SP37],  but its value  of 14.59_+0.14  gm (s.d.=0.8  gm) is probably 
representative  of the others  since they are concordant  with one 
another and  with  their  coexisting zircons  (weighted  mean 
12.56+0.19  Ma).  This  indicates  that  the  Nevado-Filfibride 
Complex of  the  Northwestern Sierra de  los Filfibres cooled 
through  the temperature  range  >350øC to <60øC at the same  time 
as cooling in the Sierra de los Filfibres  farther east and that this 
occurred  over a very restricted  time interval of  I  to 2 Ma. This 
conclusion  is supported  by the quantitative  modeling  of sample 
SP37, shown in Figure 7, which indicates  rapid cooling to a 
temperature  below 60øC  by 11-9 Ma. 
The younger  age group  contains  two samples  with confined 
track information (SP49 and 53). Together they suggest  a more 
protracted  passage  through  the apatite partial annealing  zone 
(-110ø-60øC) than was the case with the older samples.  Their 
corrected  age  estimates  [Green,  1988;  Corrigan,  1991  ] of 7.70 to 
10.03 Ma and 4.57 to 5.72 Ma, respectively,  indicates  that these 
samples  were  at depths  consistent  with temperatures  >110øC  but 
less than 180øC at the time of cooling to below 600C in the 
Northwestern  Sierra  de los Filfibrides. 
The I0 apatites  t¾om  the Western  Sierra  Nevada  range  in age 
from  2.7 to 9.7 Ma. This range  is not  consistent  with a single  age 
population,  and  they  can  be  subdivided  loosely  on the  basis  of a 
combination  of age  and  length  into  two  groups.  The first  of these 
possesses  ages  concordant  with their  coexistin,',  zircons  and  have 
long  mean  track  lengths  (SPI8, SP906,  and  SPQ). These  are  all 
located  close to the boundary  with the overlying Alpujfirride 
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Figure  7. Results  of quantitative  modeling  of apatite  data.  In left-hand  plots  the  black  line  is  the  best  fit 
solution,  while  the  grey  lines  are  the 100  better-fitting  solutions.  These  are  included  to help  identif•y  the 
better-constrained  portions  of the  cooling  history.  Note  that  for  temperatures  above  --110øC  and  below 
---60øC,  the  fission  track  data  provide  no  effective  constraint  on  model  evolution  In the  right-hand  plots 
the  measured  confined  track  length  distribution  is  given  by  the  histogram,  while  the  modeled  distribution 
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Figure 7.  (continued) 
Obs.  Age:  11.04  Ma 
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Obs.  Mean  length:  14.590 
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Pred. Age  :  7.40 Ma 
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Pred. Mean length: 14.491 
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Nevado-Filgbride  Complex.  The second  group  possess  ages  that 
are younger  and discordant  with their coexisting  zircons.  These 
samples  come from structural  depths  below the contact  with  the 
overlying  Alpuj•rride  Complex,  estimated  to be up to 3.6+1.5  krn 
[Joh.  nson, 1995], with the youngest  age (2.7+0.6 Ma) obtained 
from  the sa,  mple  with the highest  elevation  but the  greatest 
structural  depth  (SP908). 
Quantitative  modeling  of samples  SP18 and  SP906  (Figure  7) 
in conjunction  with the  zircon  results  indicate  that  cooling  over  the 
4 
Apparent  Age Myr 
temperature  interval 350øC-  60øC in the western  Sierra  Nevada 
region  immediately  below  the  Alpuj•rride/Nevado-Fil•bride 
contact  occurred  between  approximately  10 and  8 Ma. 
In Figure  8 the  apatite  results  are  plotted  as  a function  of  their 
elevation.  Taken  together,  no trend  can  be recognized,  although 
the samples from  the western transect do have a negative 
correlation  between  their  apparent  ages  and  elevation  (R=0.74). 
Since  the  cooling  of these  higher-elevation  samples  postdates  the 
phase  of rapid  cooling  identified  within  the  structurally  uppermost 
part of  the complex, they cannot possess  thermal history 
information  that  relates  to  the  processes  responsible  for  the  rapid 
cooling. 
Discussion  and Interpretation 
Figure 8. Plot  illustrating  the  lack  of any  clear  relationship 
between  apatite  apparent  age  and  elevation. 
In this section  we seek  to establish  the dominant  denudational 
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First,  the  time  of cooling  in the  Nevado-Filabride  Complex  and 
that  of other geological  phenomena  and their possible 
relationships  are  dealt  with.  Second,  the  rates  of  cooling  within  the 
complex  are  deduced  and  considered  in conjunction  with  the 
structural  settirig  of individual  samples.  Third,  the  kinematics  of 
the  cooling  history  for the  Alpujarride/Nevado-Filabride  contact 
are  considered. 
Timing 
The time of  cooling to  near-surface temperatures  in  the 
Nevado-Filibride  Complex  has  been  shown  to decrease  from  east 
to  west.  This  is best  illustrated  by the  weighted  mean  zircon  ages 
from  the three  transects,  together  with the results  of the five 
apatite  quantitative  thermal  modeling  exercises.  The  weighted 
mean  zircon  age  in the Sierra  de los  Filabres  is 12.06_+0.39  Ma, 
11.7+0.39  Ma in the eastern  Sierra  Nevada/Western  Sierra  de los 
Filabres,  and 9.17+0.39 Ma in the Sierra Nevada.  The apatite 
modeling  indicates'that  cooling  was  more  or less  complete  in the 
structurally  uppermost  parts  of the  complex  by 11  Ma in the  east 
and  8 Ma in the west. 
This  timing,  and its variation  from east  to west, is closely 
matched  by the first appearance  in the surrounding  intermontane 
basins of  clastic  detritus  shed  from  the  Nevado-Filtibride 
Complex.  Neogene  sediments  in the  Almanzora  corridor  in the 
east  of the study area (Figure 2)  consist of  a  number of 
unconformable  units  [Braga  and  Martfn, 1988].  The first  of these, 
lying  on  Alpuj•irride  basement,  is  a thick  (>100m)  red,  continental 
conglomerate  believed  to be  Serravallian  in age  (14.2-10.4  Ma). It 
(in conjunction  with eustacy)  were  not  major  factors  in the  initial 
unroofing  of the Nevado-Filfibride  Complex in the middle and 
upper  Miocene. This conclusion  is supported  by the absence  of 
any positive correlation between apparent age and sample 
elevation  noted in the previous  section.  Instead, the westerly 
younging  observed  for the rapid cooling in this complex is 
consistent  with  tectonic  denudation. 
Subsequent  to the tectonic  unroofing  of the Nevado-Fil•ibride 
Complex,  surface  processes  must  have  played  an important  role in 
the denudation of  its presently outcropping rocks. This  is 
illustrated  by the presence  of large  volumes  of Nevado-Filibride 
detritus  within  the  peripheral  basins  and  explains  the apatite  ages 
from  the southwest  margin  of the Sierra  de los Filabres  and  the 
central  Sierra  Nevada.  The negative  correlation  between  elevation 
and  apparent  apatite  age  observed  in the  latter  region  is interpreted 
in terms of the interaction  between erosional denudation  and late, 
large scale folding by C. Johnson  (Resolving denudational 
histories  in Orogenic  Belts with AFTT;  some  problems  and 
solutions,  submitted  to Geology)  and  is not  dealt  with here. 
The  clear  inference  to be drawn  from  the discussion above is 
that tectonic denudation  ceased in the eastern Betics  between 9 
and 8 Ma  and that the tectonic events at that time,  which resulted 
in  the  initial  structuration  of  the  intermontane  Betic  basins and 
development  of the modern  topography,  are somehow  linked  to 
this  change.  Relative  plate  motions  between  Africa and  Iberia 
were  broadly  north-south  convergent  throughout  the  Tertiary  until 
chron  5 (9 Ma), after  which  they became  dextrally  transpressive 
[Dewey  et al., 1989],  remaining  so  until  the  present  day  [Argus  et 
contains  clasts  predominantly  from  the  upper  (Mulhacen)  nappe  of al.,  1989].  This  timing  may  therefore  have  a  wider  implication, 
the  Nevado-Fil•ibride  Complex  together  with  lesser  amounts  of  suggesting  a  possible  causal  link  between  relative  Africa-Europe 
Alpujirride  material.  Toward  the  end  of  the  Serravallian  and  (Iberia)  plate  motion  and  extension  within  the  mountain  belt. 
during  the  early Tortonian  a transition  to marine  sedimentation 
took  place  within the eastern  Betic basins  [Weijermars  et  at., 
1985].  In the  Tabernas  Basin  the first influx of Nevado-Fil•ibride 
detritus  occurred  at this time [Weijer•nars  et al., 1985]. Farther 
west  in the Alpuj•irra  Corridor,  middle Miocene clastics  are 
dominated  by Alpujirride detritus  with a secondary  Maltiguide 
component  [Rodriguez  Fermindez  and  Sanz  de Galdeano,  1990]; 
however,  Nevado-Filibride  material  is never recorded. 
Following  the lower  Tortonian  transgression,  a phase  of major 
tectonic  activity  took  place that  resulted in  terrigenous 
sedimentation  throughout  the eastern  Betics  [Sanz  de Galdeano 
and  Vera,  1992].  This has  led to the distinction  in the literature 
between  a eustatic-controlled,  transgressive  sedimentary  unit 
{Tortonian  I) and a later succession  whose  origin is essentially 
tectonic  (Tortonian  II)  [Sanz  de Galdeano  and Vera, 1992].  The 
Tortonian  I and  II sequence  boundary  age  is  inferred  to  be  8.5  Ma 
from  ttaq  et  aI. [  1989].  Of the  Betic  basins  peripheral  to the  study 
area,  the  most  westerly  of these,  the  Granada  Basin,  was  the  last  to 
receive  Nevado-Fihibride  detritus.  This  took  place  at the  onset  of 
Tortonian  II sedimentation  during  which  mean  deposition  rates 
were  in  excess  of  0.5  mm  yr-1  [Rodrfguez  Ferncindez  et  al.,  1989]. 
These  observations  indicate  that  the  appearance  of Nevado- 
Filfibride  material  within  the  sedimentary  record  is diachronous 
within  the  eastern  Betic  basins  by  perhaps  as  much  as  6 Ma and 
that  unroofing  of this  complex  occurred  from  east  to west, 
complimenting,  both  temporally  and  spatially,  the  findings  of this 
study.  This  contrasts  with the record  of siliciclastic  sedimentation 
within  the basins  of the eastern  Betics  in which  change  is 
regionally  contemporaneous.  This  suggests  that  surface  processes 
Cooling  Rate 
Reconstructing  cooling  rates  generally  depends  on  the  adoption 
of "closure  temperatures"  for two or more  thermochronometers, 
the  common  exception  to  this  approach  being  apatite  fission  track 
analysis.  With  this  technique,  age  and  confined  track  length  data 
in conjunction  with an annealing  equation  permit  rates  to be 
estimated  directly.  It is theoretically  now  possible  to adopt  this 
same  approach  with zircons  using  the annealing  equation  of 
Yamada  et al. [1995], although  this  is not attempted  here.  The 
zircon  partial  annealing  zone  [PAZ]  was  estimated  by  Yamada  et 
al. [1995]  to be  approximately  390øC-170øC  but  for this  exercise 
we adopt  the  rather  more  conservative  figure  of 230øC+25øC 
[Hmford,  1986]  as  a nominal  closure  temperature. 
The  results  of  4øAr?Ar  analyses  on  phengites  from  the  eastern 
Sierra  de los  Filabres  by  De Jong  [1991]  yielded  plateau  ages  of 
14  to 29 Ma. These  results  were  interpreted  in terms  of a Miocene 
regional  thermal  overprint  causing  partial  resetting  of older 
cooling  ages  that  postdated  a proposed  Cretaceous  subduction  of 
this  complex.  Whether  this  is the  case  or not,  it is clear  that 
temperatures  during  the  late  Oligocene  and  throughout  much  of 
the lower and middle Miocene were within the 350øC_+50øC 
temperature  range;  an  observation  supported  by the  presence  of 
similarly  aged  zircon  single-grain  ages.  Cooling  throughout  this 
period  was  therefore  slow,  although  difficult  to  quantify.  A similar 
cooling  pattern  exists  in  the  Western  Sierra  de  los  Filabres  based 
on  the  more  limited  4øAr?Ar  results  of Moni• et  al. [1991].  The 
lack  of other  published  thermochronology  data  from  the  Sierra 
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made.  However,  the  presence  of older  zircon  single-grain  ages  in 
the  range  of  15-20  Ma  within  grain  populations  that  fail  the  Z  2  test 
does  suggest  that  these  samples  probably  experienced  a similar 
slow  cooling  history  during  the  lower  and  middle  Miocene. 
What  the  results  of this  study  demonstrate  so  very  clearly  is that 
following  the  relatively  slow  cooling  phase  described  above,  rates 
increased  dramatically  as temperatures  decreased.  In the Eastern 
Sierra  de los  Fi!abres  a cooling  rate  of 200øC  Ma  'l can  be 
estimated  on the basis  of the combined  weighted  mean  zircon age 
and  the apetire  quantitative  modeling  (Figure  9). In the  Western 
Sierra  de  los  Filebred  a minimum  cooling  rate  of 105øC  Ma  '• is 
obtained,  while  in the  Sierra  Nevada  this  rate  is 170øC  Ma  'l and 
may  have  been  much  higher.  The Nevado-Filfibride  Complex  thus 
underwent cooling at  a  rate identical  in  magnitude to  that 
estimated  for the Alpuj•.rride Complex [Zeck et el.,  1992] but 
between  7 and 10 Ma later than  the time at which cooling  in this 
overlying  complex  took place (19 Ma).  It is concluded  here that 
these  high  rates  of cooling  are  most  readily explained  by tectonic 
denudation  of the  Nevado-Filfibride  Complex  during  the  middle  to 
late  Miocene. 
Kinematics 
Mylonitic  and  ultramylonitic  fabrics  develop  at temperatures  of 
300øC  to 620øC  [e.g.,  Anderson,  1988;  Koch  et el., 1989;  Hutlow 
et el.,  1991],  whereas fission  tracks in  zircon  anneal over  a 
temperature  range of  approximately 390øC  -170øC (preferred 
model of  Yamada et el.  [I995]).  Therefore zircon fission track 
thermochronology  spans  the transition  between  ductile  and  brittle 
deformation.  If cooling  is accomplished  by tectonic  denudation, 
then  the zircon  ages  can be said  to "date"  the cessation  of ductile 
deformation  within  the  contact  zone  between  the  hanging  and 
footwall  rocks.  The  end  of ductile  deformation  occurred  first  in 
the  Eastern  Sierra  de  los  Filabres  before  eventually  finishing  in  the 
Western  Sierra  Nevada.  The  distribution  and  sense  of  hangingwall 
motion  of the  noncoaxial  ductile  deformation  given  in Figure  3  is 
consistent  with  this  cooling  history  obtained  in this  study  and  thus 
with  tectonic  denudation. 
The progressive  increase  in the  noncoaxial  ductile  deformation 
from  east  to west,  noted  in the introduction,  is also  consistent  with 
tectonic  unroofing.  This is because  movement  along  the  tectonic 
contact  with the overlying Alpujfirride  Complex  must  have  lasted 
longer  in the  west  than  in the  east. 
Calculating  hangingwall  slip rates  in the manner  of John  and 
Foster [1993; see above]  is complicated  in this study  by  the 
distribution  of samples.  Because  they are grouped  in transects 
which  run  perpendicular  to the  apparent  direction  of hangingwall 
motion,  there are effectively only three time-distance  points. 
Simply  taking  the  Sierra  Nevada  and  eastern  Sierra  de los  Filebred 
results  yields  a general  estimate  for  the  slip  rate  of  40  mrn'yr  '•. 
This is an order  of magnitude  greater  than  the rates  estimated  for 
the  metamorphic  core  complexes  of the  western  USA using  apatite 
fission  track analysis  [Foster et el.  1991; Foster and Gleadow, 
1993; John  and Foster, 1993] but the rates  are broadly  similar  t0 
estimates  given  by Wernicke  [ 1992].  Cooling  in the  Eastern  Sierra 
de los Filabres  was contemporaneous  with cooling  in the west  of 
this range  over geological  timescales,  suggesting  mean  slip  rate 
obscures  considerable  local  variation. 
This cooling  pattern  seems  best  explained  by tectonic  unroofing 
accompanied  by the dismembering  of the overlying  Alpujfirride 
Complex,  whose  upper  surface  was  unconstrained  by this  time.  A 
first phase  brings  the region  with heavy  stipple  in Figure  3 to  the 
Earth's  surface  and leaves  the region  marked  by moderate  stipple 
I  I  I  !  I ...... ! ,  I  at  temperatures  between  1100C  and  180øC,  suggesting  that  0  !.  i  i  i  i  I  .I 
.  i}  }  :i  unroofing  was  episodic  rather  than  continuous,  with  a  pause 
• /t  during  the  late  Sen'avallian  (--11  Me).  Without  an  independent 
100  estimate  of the palaeogeothermal  gradient  at •his time, 
e•:ra  .  reconstruction  of  the  geometry  of  the  brittle  detachment  separating 
ß  .11-  i  .....  i  .....  i..  •[..!...I  Nevada  ,•  the  Alpuj,Srride  and  Nevado-Fil•bride  Complexes  is  difficult.  In 
?  200•  •i  //it  (W...est)  t  theSie.  rraNevada,  Johnson  [iOO51obtained  an  estimate  of  50oc  i  km  '• for  the  early  Tortonian,  which  if applicable  to  the  western 
i"  i•  .....  •i  Sierra  de  los  Filabres,  places  the  detachment  at  between  2and3  300  •  Sierra  de  los  ......... !" T  km  depth.  The  two  closest  apatite  ages  from  groups  1  and  2pt:the  Filabres  (East)  4:00  { ,,•  •  !  !  central  transect  (SP42  and  SP48)  are  at  a  distance  from  one  another  of approximately  10  km, which  yields  minimum  angles  of 
dip  on  the detachment of  between  11  ø and  17  ø in  the late 
i  Setravel!inn.  At  this  time  the  samples  immediately  below  the 
500-•  ...............  •'-'"'"'  '-'"''  '""Fi'  lab  er  •i  (West)  ........................  !i  .....................  I  detachment  in  the  Sierra  Nevada,  indicated  by  the  light  stipple  in  i  •i  ;  I  Figure  3'  were  at  temperatures  øf  perhaps  300øC  and  a  depth  øf 
,,  , I  ,,  ,  6km. 
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Figure 9.  Summary  plot showing  representative  cooling 
curves  for each  of the three  transects  for the uppermost 
structural  levels within the Nevado-Filgbride  Complex 
obtained  from  published  radiometric  data [De Jong, 1991; 
Monidet  el., 1991] and the FT results presented  here. 
(1) Sierra de los Filabres,  (2)  Western  Sierra de  los 
Filabres,  and  (3) Sierra  Nevada. 
Tertiary  Tectonics  in the Eastern Betic Cordillera 
It  has been  established  in  the  section  on  discussion and 
interpretation  that the Miocene denudation  of  the Nevado- 
Filtibride  Complex  has been  achieved  by tectonic  unroofing  or 
extension.  What has  yet to be  established  is the form  that  this 
extension  took  and  the driving  mechanism  responsible  for  it. 
There  is  little  unequivocal  evidence  for  net  crustal  thinning  within 
the eastern  Betice  during  the Miocene,  as is the case  in the 
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thickness  (40 km just to the  north  of the  Sierra  Nevada)  and  the 
existence  of a lithospheric  root  to the  orogen  point,  instead,  to net 
thickening  [Marillier and St. Mueller, 1985].  Thus  extension 
within  the  upper  crust  must  have  acted  coincidentally  with lower 
crustal  contraction. 
E 
ca.  12  Ma 
It is  our  contention  that  the  relationship  between  extension  and 
contraction  is a causal  one,  with the former  resulting  from  the 
latter.  A well-established  mechanism  tbr allowing  lower  crustal 
contraction  to  drive  upper  crustal  extension  is  that  of underplating 
ot:  the  crust  during  subdu•tion  of a lower  plate  [Platt,  1986; 
ca.  9  Ma 
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Figure 10.  Cartoons  illustrating  the tectonic  denudation  of the Nevado-Filfibride  Complex  during  the 
middle-upper  Miocene  to present  day.  In this  hypothesis,  underthrusting  of the  Internal  Zones  by the 
Iberian  basement  caused  contraction  at depth,  driving  extension  in the  upper  crust.  Because  convergence 
between  the  Internal  Zones  and  Iberia was  slightly  oblique,  as  indicated  by the broad  arrow,  extension 
was  orogen  parallel.  Extension  probably  began  during  the  early  Miocene,  since  farther  east  of the  study 
area  there  is evidence  that the complex  was unroofed  by Langhian  times  [Lonerga• and Mange- 
Rajetzky,  1994].  In the  study  area  however  it was  not  until  the  Serravallian  (,--12  Ma) that  this  complex 
was  exposed.  By approximately  9 Ma the  Sierra  Nevada  in the  west  of the  study  area  had  been  exposed, 
at  which  point  extension  ceased.  The  present-day  disposition  of the  major  geological  units  is also  given 
to illusuate  the  relationship  between  the  conseptual  mo el and  Figure  2. 202  JOHNSON  ET AL.: EXTENSIONAL DENUDATION OF THE NEVADO-FILABRIDE COMPLEX 
Jamison and  Beaumont,  1988].  However,  there is  no  clear 
evidence  for  subduction below  the Betic  Cordilleras,  since the 
Alboran  Sea is an extensional basin whose northern margin 
possesses  a half-graben  morphology  [Comas  etal., 1992], 
A potential  solution  to this problem  lies in considering  relative 
plate  motions  and  plate  boundary  changes  in this  region.  While 
overthrusting  of the  Mesozoic  passive  margin  of Iberia  by crust  of 
the  Internal  Zone  "Alboran  block"  commenced in  the  early 
Tertiary [Reicherror  etal.,  1994; Lonergan, 1993], the most 
important  phase  of orogenesis  in terms  of cooling  that  affected  the 
Betic Cordillera occurred  in the late Oligocene-early  Miocene 
[Zeck  et at., 1989, 1992]. This phase  is coincident  with the final 
closure  of the northern  King's Trough-Azores  Bisc•iy  Rise-North 
Spanish  Trough-Pyrenees  plate boundary  to the north of the 
iberian  plate,  which  left the  Azores-G.  ibraltar  Fracture  Zone  to its 
south  as the sole  plate boundary  separating  Europe  and  Africa 
[Srivastava  etal., 1990;  Srivastava  and  Roest,  1992]. 
The north-south  convergence  between  Iberia and  Africa that 
had  preceded  this  change  in plate  boundaries  continued  after  it. A 
component  of this  convergence  was  accommodated  by shortening 
within the Sub-  and  Pre-Betic  and  by backthrusting  of elements  of 
the  Sub-Betics  southward  over  the  Internal  Zones  in  the  east 
[Frizon de Lamotte  etal.,  1989; Banks  and Warburton,  1991; 
AIlerton etaI.,  1994]. This indicates  that the Internal  Zones  of the 
eastern  Betics  were underthrust  by Iberian continental  basement 
after  the late Oligocene-early  Miocene  phase  of deformation.  In 
this analysis,  what remained  of the sedimentary  prism  of the 
Mesozoic  Iberian  passive  margin,  and perhaps  sections  of the 
basement  as well, underwent  further  shortening  during  the lower 
and middle Miocene. It  is these sedimentary  rocks and Iberian 
basement  that were effectively accreted  at depth  to the Internal 
Zone wedge  and  were  responsible  for upper  crustal  extension,  a 
hypothesis  strengthened  by the  coincidence  between  the  cessation 
of extension  within the Boric  Cordilleras  and  the change  in relative 
Europe-Africa  plate  motions  that  occurred  at 9-8 Ma during  the 
early Tortonian. Thus, crustal thickening, convergence,  and 
shortening  were  compensated  by extension  parallel  to  the  orogen. 
This  hypothesis  is  illustrated  in  cartoon  form  in Figure  10. 
The  orogen parallel  extension suggests  that  Iberian 
underthrusting  was  oblique  to the  trend  of the  mountain  belt.  This 
is consistent with  the clockwise  rotation  of  thrust sheets in the 
Sub-B'etic  deduced  from  palaeomagnetic  studies  [Platzman,  1992]. 
It implies,  however,  that  the amount  of underthrusting  of the 
Internal Zones increased  toward the east. This motion  appears  to 
have been accommodated  by the development  of a series  of 
sinistral  strike-slip  faults in the eastern  Betics  of which the 
Palomares  is perhaps  the  best  known  (Figure  1).  This  fault  system 
now  juxtaposes  thick  (~40  km),  "Meseta  Type"  crust  to  the  west 
with  thin  (-20 km),  "Cartagena  Type"  crust  to  the  east  (terms  from 
Larouzi•re  etal.  [1988]), suggesting  southerly  motion  of the 
Iberian  basement  to  the  west  of  this  fault  system  and  the  carriage 
of the  eastern  Betics  as  a "piggyback"  orogen. 
Summary and Conclusions 
In this study  the role played by extension  in the Miocene 
denudation  of the Nevado-Fil•ibride  Complex has  been  examined 
using  fission  track  thermochronology.  Tectonic  denudation  can  be 
recognized  because  it promotes  a correlation  between  apparent  FT 
age  and  hangingwall  transport  direction,  rapid  cooling  typically  at 
rates  >50øC  Ma  't, and  a poor  correlation  between  sample 
elevation  and  apparent  FT age.  The  results  show  that  (1)  cooling 
within  this  complex  was  rapid  (105øC-200øC  Ma  '1)  and  spatially 
related  to the tectonic  contact  with the overlying  Alpuj•rride 
Complex,  (2) the rapid  cooling  in the study  area  to near  surface 
temperatures  occurred  first in the east  (Sierra  de los  Filabres) 
during  the  Serravallian  (12+1  Ma) and  was  completed  by  the  early 
Tortonian  (9-8 Ma) in the west  (Sierra  Nevada),  and  no  correlation 
exists  between  FT age  and  sample  elevation.  On the  basis  of  these 
findings  it is considered  that the denudation  of the Nevado- 
Filibride Complex  Oan  be best  explained  by tectonic  means  rather 
than  by Earth  surface  processes. 
In conjunction  with other  thermochronological,  structural  and 
sedimentological  data  and  placed  in the  broader  context  of  relative 
Africa-lberia plate motions  during the Tertiary, the following 
conclusions  have been drawn: (1)  Upper crustal extension  is 
contemporaneous  with  lower  crustal  contraction  within  the  eastern 
Internal Zones. (2)  The  driving mechanism  for extension  is 
thought  to  be  shortening  and  accretion  of the  sedimentary  prism  of 
the  paleo-Iberian  passive  margin  to the overlying  Internal  Zone 
wedge  during  lower  and  middle  Miocene  underthrusting  of  the 
Iberian  plate.  (3) Extension  in the  Betic  Cordilleras  lasted  much 
longer  that  previously  thought,  only  coming  to an  end  during  the 
early  Tortonian  (9-8 Ma). (4) There  is a causal  link  between  the 
cessation  of extension  and  a change  in plate  boundary  conditions. 
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